‘ Finding, Fitting.. What’s New?

* A new paradigm: Go 3D!

* New Tools: use MC to propagate trajectories

* A recast of Traditional GLAST Finding: Combo
* A recast of the Kalman Filter

* Sea Trials

+ Setting the e*e” Energies

+ Vertexing: How to put the tracks together

* Present status w.r.t PSF & A ¢
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3D vs 2 x2D

Detector Structure of GLAST suggest that we track separately in the
X & Y Projections (X hits in a particular layer/tower aren't correlated
with the Y hits)

Tracks crossing between Towers, Track lengths, and multiple scattering
reduce the ambiguities

First GLAST Fitting/PR (1993) was 3D. X-Y ambiguities were a matter
of combinatorics at Tower level. Towers were smaller and the X-Y
ambiguity error was a few percent.

In 1995 PR/Fitting re-written as 2 quasi-independent projections.
- PSF never recovered!

Fitting really needs 3D to assess the material audit along trajectories

Became convinced that 3D really needed another try.
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Strips/Clusters to Space Points

A basic fo GLAST is the 3-in-a-row trigger: 3 consecutive X-Y planes firing within
a microsecond.

This yields possible space points.

Step one: build an object which can cycle over the allowed X-Y pairing in a given
GLAST measuring layer

a) Ordered just as they come X's then Y's
b) Ordered with reference to closeness Eas%%iyen space ﬁ&ivﬂ Point

Case a) about which
(nextHit) to search
y . y (nearestHit)
ANE: j 4 < j

> x
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From Space Points to Track Hypothesises

Three Approaches Under investigation:

1) "Combo" - Cycle over space points - build an ordered list of tracks

2) "Link & Tree" - Join space points allowing branches - forming a
Tree like structure

3) "Neural Net” - Link close by space points (forming "neurons”). Link
neurons by rules weighting linkages.

First method is "track by track” -

Pro's: Simple to understand (although details add complications)

Con's: Find bogus tracks early on throws off the remaining by
missing assigning hits

Can be quite time consuming depending of depth of search

Methods 2) & 3) are "whole event”

Pro's: Optimized finding across entire event

Con's: Neural Nets can be quite time consuming
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Combo Pat Rec - Kalman Overview

First Pass Calorimeter Based
or
Best ;l'\r‘ack Blind Search
\

Allow up to 5
Hit Flagging shared Clusters
O\

Second Pass
All the others Blind Search

O\
Y

Global Energy

Constrained Track Energy Set Energies

{rack Fiting

Final Fits Kalman Track Fit

—\

!

v

Creation Track Averagin
Y ging
(Not Vertexing)
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The “Combo” Pat. Rec. (Details)

Starting Layer: One furthest from the calorimeter

Two Strategies:

—>
1) Calorimeter Energy present use energy centroid (space point!)

—>
2) Too little Cal. Energy use only Track Hits

"Combo" Pattern Recognition - Processing an Example Event:
The Event as produce by GLEAM

I‘\ .
— 100 MeV Y «——Raw SSD Hits

. /
Y
\-.
M
N |
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The “Combo” Pat. Rec. (Details)

Start with hits in outer most layer First Guess: connect hit with
Cal. Centroid

Use nearestHit
to find 2" hit

Sufficient Cal. Energy (42 MeV)
Use Cal. centroid
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The “Combo” Pat. Rec. (Details)

Initial Track Guess:
Connect first 2 Hits!

Project and Add 4’ ”

Hits Along the
Track within
Search Region

The search region is set by propagating the track errors
through the GLAST geometry.

The default region is 9o (set very wide at this stage)
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The “Combo” Pat. Rec. (Details)

The Blind Search proceeds similar to the Calorimeter based Search
-1st Hit found found - tried in combinatoric order
-2nd Hit selected in combinatoric order
‘First two hits used to project intfo next layer -
-3rd Hit is searched for -
*If 3rd hit found, track is built by "finding - following" as with
Calorimeter search

In this way a list of tracks is formed.

Crucial to success, is ordering the list!
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Track Selection Parameter Optimization

Ordering Parameter

Q = Track-Quality - C;* Start-Layer - C,* - C3* - C*
Track_Quality: “"No. Hits" - (2 : track length (track tube length) - how poorly hits
fit inside it
Start-Layer: Penalize tracks for starting late
Angle between first to track segments / Estimated MS angle

Penalize tracks made up of oversized clusters (see Hit Sharing)

These are unpaired X or Y hits at the start of the track.
This protects against noise being preferred.

Status: Current parameters set by observmg s‘rudymg smgle events.
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The “Combo” Pat. Rec. (Details)

Hit Flagging (Allowed Hit Sharing)

In order not to find the same track at most 5 clusters can be shared

The first X and Y cluster (nearest the conversion point) is always allowed
to be shared

Subsequent Clusters are shared depending on the cluster width and the

trackgrack'ss|
rac ﬁqqghsﬁga?\\d—bﬁ Predict 3 hit strips
SSD\ N

N

Example of oversized Cluster \
Observe 5 - allow

Cluster to be shared
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3 A Kalman Filter for GLAST

e What is a Kalman Filter and how does it work.
* Overview of Implementation in GLAST

» Validation (or Sea Trials)

Reference: Data Analysis Technigues in HEP by Fruthwirth et al,
2000
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Kalman Filter

The Kalman filter process is a successive approximation scheme to estimate parameters

Simple Example: 2 parameters - intercept and slope: x=x,+ S, * z; P=(xy,S,)

Cx-x Cx-s | Cx-X = <(X‘Xm)(x‘xm)>
In general

Errors on parameters x, & S, (covariance matrix): C =
Cs-x Cs-s | C=z«(P- P.)(P-P)T>

Propagation:
0 . Pr(ke1) X(k+1) = x(k)+Sx(k)*(z(k+1)-z(k))
Pm(k+1) = F(6z) * P(k) where
1 z(k+1)-z(k)
F(8z) = | o 1
k Noise: Q(k) k+1 Cm(k+1) = F(8z) *C(k) * F(82)™ + Q(k)

(Multiple Scattering)
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Kalman Filter (2)

Form the weighted average

| Pm(k+1) p ©f the k¢l measurement and
the propagated track model:
Weights given by inverse of

\ J Error Matrix: C1

Hit: X(k+1) with errors V(k+1)

k Noise k+1

(Multiple Scattering)

Cm i(k+1)*Pm(k+1)+ V-1(k+1)*X(k+1)
P(k+1) = and C(k+1) = (Cm7(k+1) + V-i(k+1))?

Cmi(k+1) + V1(k+1)

Now its repeated for the k+2 planes and so - on. This is called
FILTERING - each successive step incorporates the knowledge
of previous steps as allowed for by the NOISE and the aggregate

sum of the previous hits. GLAST
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Kalman Filter (3)

We start the FILTER process at the conversion point

BUT... We want the best estimate of the track parameters
at the conversion point.

Must propagate the influence of all the subsequent Hits backwards

to the beginning of the track - Essentially running the FILTER in
reverse.

This is call the SMOOTHER & the linear algebra is similar.
Residuals & %2
Residuals:  r(k) = X(k) - Pm(k)

Covariance of r(k): Cr(k) = V(k) - C(k)

Then: Xz = P(k)TCP@)'—IC(-k)JMMP— GLAST
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Implementation in GLAST

3 Dimensional: Essentially GLAST is composed of 2 - 2D trackers
however multiple scattering mixes x & y. This creates
correlations between the two projections and hence the covariance
matrix (C) has significant off (block) diagonal terms.

Difference between two separate projections and 3D projection
becomes increasingly important as BOTH the S, & S, become large.

Calculation of %2 involves both x & y and their correlation

The SMOOTHed %2 is not a true %2 as errors are correlated point
to point (not so for the FILTER %2). However since the smallest

errors (and hence the largest weights) are the measurement errors
the difference between them is small. (Presently we use the

SMOOTHed 2)

Bill Atwood, Oct. 2002 16 G LAST




Bill Atwood, Oct. 2002 17 G LAST




End-to-End Testing

Objective: Test if the implementation of the errors in the Kalman Filter
Routines is Correct.

Method: Use Monte Carlo u's (KE = 100 MeV, 1 GeV, & 10 GeV)
Provide the Kalman Filter with the correct energy (pp)

Test: If Monte Carlo generation of multiple scattering is the same as that
in the Kalman Filter AND the calculation of the covariance matrices
is correct AND their usage is correct THEN we except <x2> ~ 1.0

.......................

independent of position and angle. s generated over -1 < cos(6) <0
Nerm-dddndd lnﬁlﬁllﬂil
T caams || ETT .
Y - Require > 15 1l
\ J][!]@M@k " 4 _

1

0=

..................

B e S L e S E EIEN

¥ 22 =2
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The First Problem: %> > 1

100 MeV - Normal Inc. | Track 1 Chi-Sq | Nent = 9782
B =l
Nyits = 36 2unf— ---------- ----- p—
L L
X% =16 ICIRRR S S . L1 S
ol U L N
Note: u's generated with LR — o S— SN ol B S
100 MeV KE. This implies D e b e
E;o.+ = 205.7 MeV and 1 SRS O F AR TR S
pp = 151.4 MeV ] S . S E— S S NI LI| LI
4.33_ ............................. ..............................
Red Line: %2 function with oOF W N
parameters as above o ¥
0 0.5 1 15 2 2.5 3
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100 MeV u's entering the
Tracker exit with ~ 65 MeV
First guess would give Nyirs> = 36
(assuming B ~ 1): | o> =125
~ 22 MeV ( 50:50 for Si+C : W)
Correcting for p ( = .85 const.):
~ 30 MeV

Integrating over path
~ 35 MeV

Implemented Bethe-Block Energy
Loss in Kalman Filter (see results)

Track 1 Chi-Sq| Nent = 24591
. . . — Mean = 1.431
. |RMS =0.4993
00— Wh D e memenmas
BO00—--------re e
11 Y« A SR 1 IS S S
o 1] 1] I S , .............................
7 el SRR S W1 SRS SR
117 S AN S — SR W it S
0_ L I L1
0 0.5 1 1.5 2 2.5 3
Problem becomes small by 1 GeV
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[Msawic ¥ o Nnola)|) P ————r—p

1 GeV Muons

Dependence
on cos(0)

Y1 (N 0% A7T-AB AE E/A 03 02 -D1 A i 2 24 .|
Nonl =" (HeE

Irack 1 Chiﬁl—-ﬁl

159"
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Measurement Errors (First Round)

Width
The position error on a "square” distribution:
P q 2
Cluster Width
Naively expect the error on a Cluster to be J12
But... Consider a track going through an SSD -
The Cluster edges determine the centroid
AND the are ~ 100% Correlated. Op
W2
The error on WHERE the tracks enters the SSD is just
Fitted Track\
SSD
N
Layer'\‘ \\

Can move track left-right
by at most 1 strip pitch!
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10 GeV Muons - ¢ Dependence

Cluster Size
Error Dependence

Upper Plots:
Error ~ (Size * op)

Resolution:
Meas. Errors

Lower Plots:
Error ~ op

(0)
Wher%
OP =
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Third Problem: Tower Co-ordinate

o . . Chisq vs Tower Edgd Nent = 330
Issue: To include or not include  lwean-s 12s8
. il {Rms = 4172
theTower Co-ordinate as well as 4 -
the Strip Co-ordinate. i
-
u.sf—

Inclusion controlled by the mapping
of the measurements onto the
parameters and visa-versa.
(usually called the H matrix).

0.6
0.4

Tower Edge: 01_”jm”; """" e R [”f """"

Omm GTTower‘CenTer‘ I [ SN ARO[V (RPN I U AN
0 20 40 60 80 100 120 140 160 180 200

187.5mm at Tower Edge  icnisq vs Tower Eage |

. Nent = 1324
Reason not to include: — IMean = 1262
. o S boocoas Lccooos beccooo Lot /|RMS = 42.7
1) When results examined on a scale 1:_ _____ HEEEEE e
commensurate with bin size (Tower) 1 T N O
binning effects appear. N = o L 0t P e s
12T +'+TJTTT -----
1:_____;__+____; ...... RER N SR S S
of tower at normal incidence. °'“; """ R R B
e s S e
e et s SRS S T e e e
2 : SRR PR P PO T POV OO PR IO
3) MaSks The X beha\“or‘ Of The 00 20 40 60 80 100 120 140 160 180 200

strip co-ordinate.
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100 MeV

1 GeV

10 GeV

Bill Atwood, Oct. 2002
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| Nent = 24591
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Conclusions

A 3 dimensional Kalman Filter has been implemented
The errors, as reflected in K2

- Are ~ not dependent on the Polar Angle (6)

- Are ~ not dependent on the Azimuthal Angle (¢)

- DO depend on energy:
- remaining error in Kalman Multiple Scattering?
- 64 give MS 10% larger then Wallet Card Formulas?

The match of %2 distributions to the ideal case
IS reasonable.
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Strip & Cluster Meas. Errors: Round 2

What about §-rays?

Examples as shown at
the left cause large
contributions to %2 Pl

SSD viewed edge on

o-ray
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oroj Projected Track Length in SSD Plane

SSD viewed edge on
Particle Trajectory

W, Full Cluster Width

Track Measurement Error 8.5 = (W5 - Wy )/4/12
Predicted effects (wish-list):
1) Unweight oversized clusters on track - lessening effect of 6.4

2) Implementthe full measurement covariance (position & slope)

V2

Perhaps improvement is possible for some clusters!
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Kalman Filter: Sea Trials

Several Problems discovered During "Sea Trails" Phase

‘Proper setting of measurement errors
‘Proper inclusion of energy loss (for w's - Bethe-Block)
‘Proper handling of over-sized Clusters

End Results: Example 10 GeV u's

<Nhi‘rs> =24 <X2> = 1.0/DoF <Oprp = .63 mrad
|Track 1 Chi-8q | Nent = 8452 |x-Projection Gamma Error -1 Tkr | Nent= 11803
Mean = 0.9998 Mean = -3.339e-00
350:_.........1? .......... RMS = 0.3644 1400 -ogreormrmmrb b2 R = 0.0007201 }

10 s T B RIS SRR
300 : : : ; : 2 0 0 0

B e e I R A e e

200 e S A A A A

150 e R VR

100 PPN NSNS SO NS SO SO S

o =5 2 N WS B B . -

O_IIIIiIIIIJI IIIIiIIIIiIIIIiIII IIJIIIIIiIIII
-0.008).0040.000.000.001 0 0.000.002.0030.00D.005
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Setting the Energies

Track energies are critcal in determining the errors
(because of the dominance of Multiple Scattering)

A Three Stage Process:

Kalman Energies: compute the RMS angle between 3D Track segments
Key: include material audit and reference
energy back to first layer
Results: Og_ggiman ~ 357% @ 100 MeV (1)

‘Determine Global Energy:
Ecoiba = Hit counting + Calorimeter Energy
(Resolution limited by Calorimeter response)
Results: Depends on Cuts - Best ~ 12% at 100 MeV

‘Use Global Energy to Constrain the first 2 track energies:
EGolbal = E1Kal * ><I*O'IKGI * E2Kal * ><2>kO'ZKaI

x> = x1%2 + x22
Determine x1 & x2 by minimizing ¥?
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How do Energies Look?

100 MeV Y's - Normal Incidence

—— Cal Energy| TNent=19495 | |[Event Constrained Energy Nent = 12255 E1_con - EZ_con Nent=T428
_ Mean = 116.2 - Mean = 39.45 200 Mean = 94.87 100 Mean x = 58.57
F i : = e Ll Rms = 2321 F RMS = 13.75 ™
s00f- |LBMS = 59 900 F . E Meany = 37.97
8 i 200 7005 b o IRMsx = 182
il E 80- _|RMSy = 1464
3 700 600
300 E 0
E 6500 L E
e 5001 sob-
m‘:_ a0 4005 ME—-
g 400 E r
SioF i 300 ‘“f i
E i E H 20f-
O 200" 3
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o 0 10 20 30 40 50 60 FO 0 90 100 0 20 40 60 80 100 120 140 160 180 200 0 20 80 100 120

Ecal > 30 MeV
1000 MeV Y's - Normal Incidence

| cal Energy Event Constralned Energy

3 Nent = 23001 Rent = 23001 Nent = 18919
3 ::::1 :231:0?;3 E T Mean = 609.9 r . Mean = 769.9 Mean x = 499.9
a0oF I : |RMS = 6232 1000 RTS = 2608 WNESS e |RMs =soe7 |  Fn. ¢ | Meany = 2086
: e | - i tonf : |y o
380F sepbo| s s I I e
- d |[i 800 Ao EESERRIASRER TS SRR R R TS i
S00F—b o = L _ e
i (O AN N S [ B
250F | }IL Lol o s00[- 10000
2E ',JH e i
i : o “ ]] owof
@ Sk — - e
E ol i e . i hi e
w: : .Lﬂjlm : 1‘ mg | i-—h | i | L | i | 1 H g
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100 MeV - Ecal > 30 MeV

u_im.ﬂ_wn Nent=7:29 - Event Constrained Energ Nent = 12255
190 m:: S ::‘s; L — | Mean = 94.37
S0 S e = RMS = 13.75

g RMSx = 162 B
(i i i |RMSY = 14.64 L ] el el s
70 i B e B i s S S S
Gl [ s, T
S0 00 S S R e B e S S
40 E
300
30
317 NSRS U U SR N MO N SO UM BES —
20
10 1 NS U SO SN N U U SUP BEURE S
B e Bl Dol B e b pnd L o wnnln oSl nnllnnnlon,
0 20 40 80 80 100 120 100 120 140 160 180 200
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The Final Fits & Creating a vy

A Second Pass through the Kalman Fit is done

*Using the Constrained Energies for the
First two tracks - others use the
default Pat. Rec. energy

*The Track hits are NOT re-found - the
hits from the Pat. Rec. stage are used

Creating a y: (Note this isn't true “Vertexing")

*Tracks are multiple scattering dominated - NOISE Dominated
Verticizing adding NOISE coherently

Use tracks as ~ independent measures of y direction
‘Process:
- Check that tracks "intersect” - simple DOCA Calc.
- Estimate Combined direction using Track Errors

and Cons‘rr'aine%Energies to form the weights GLAST




The Bottom Line: How does 1t all Work?

[X-Projection of Tkr 4 o [X-Projectlon Gamma Error |

Data for 100 MeV, Nrm. Inc. | o a0 — e

B0
: RMS =0.05191 RMS =0.04501

E i Chi2/ndl = 3128/ 42 00 e — ‘| chiz/ndi = 258.9+39
oa Consian! = 65461 1435 E Constanl= 718.7 + 1539
Thin Section Only - Regq. All ool \ - o Cgomnmet 7O e oo oo
E | : ; ; ; : GO S ; = =
500 i e F o i i i i i :
EvenTS '|'O have 2 Tr‘CleS g 500;—LookMa| _________ _____
which formed a "vertex" o g NO AR R
300 RN R W .
Results: A ¢ ~ 3000 cm? 208 L NN ) QU
eff 1 RIRCEE-REN  BRRRN . . L - H H H H H H H
E | : ; : : ; 200 Y R NN U
e == o = e EFE NN R N
Best Track Resolution: LT .. ol Y A
03 -02 -0.1 ] 01 02 03 0.3

39 mrad Diff: Vox - Tril |

120

Nent=0

Mean =0.1589

100

Y Resolution:
35 mrad

Difference Plot Shows o
the Improvement! =

But... the story is even Better!
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Dialing in Your PSF!

The PSF for y's turn out to depend on the
Opening Angle between the 2 Tracks

—

In retrospect this is now Obvious! - Parallel Tracks minimal MS!
35 45
12500
0 Q!
0 40 T c
00 [,
30f ps 9 o 12000 &
o 0 035} Aeff — 8
| \ ) | & = | <
st f$ 4 4 ho & © 30| 2
A “ @ 2
o ~ )
\ / ’ & Lo 8
] 2 25| &
95/68 Ratio I.IJ
20f 15
15 | | | | | | | | | | | | | | | '|0 15 I L I L I L L L L L L L L L 0
0.0 0.4 0.2 03 0.4 05 06 00 01 02 03 04 05 06
VTX Angle

Vertex Angle
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